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Rationale. Inflammatory reactions of the airways induced by nano- 
particles of occupational and environmental origin contribute to 
organ-specific and systemic human diseases. Because this kind of 
exposure in modern societies is often unavoidable, a strategy of 
molecular prevention on an individual level could help to prevent 
inflammation-derived secondary diseases. 

Objectives'. To test whether the compatible solute ectoine [(S)-2- 
methyl-l,4A6-tetrahydropyrimidine^carboxylic acid], which is 
known to reduce cell stress effects on a molecular level, prevents 
nanoparticle-induced lung inflammation. 

Methods', Inflammatory parameters were studied in Fischer 344 rats 
treated with model carbon nanoparticles. The molecular effects of 
ectoin on proinflammatory signal transduction were demonstrated 
in the rat and in the human system using cultured iung epithelial 
cells. 

Measurements and Main Results Ectoine, given with or before the 
nanoparticles, dose-depend ently reduced neutrophil inflammation 
in the lung. This preventive effect was not observed when lung 
inflammation was induced by bacterial lipopolysaccharide. Analyses 
of the underlying mode of action revealed that ectoine acted on 
lung epithelial cells. Ectoine administration inhibited nanoparticle- 
induced signaling, which is known to be responsible for proinflam- 
matory reactions in rat lung epithelial cells in vitro as well as in vivo. 
These findings were corroborated and extended in experiments 
with cultured human bronchial epithelial ceils in which ectoine 
inhibited nanoparticle-triggered cell signaling and IL-8 induction. 
Conclusions. Because compatible solutes are compliant natural 
products without known toxic potential, we propose that this group 
of substances may be used for the prevention of particle-induced 
airway inflammation in humans. 
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Inflammation of the airways is a central pathogenic mechanism 
responsible for a multitude of organic and systemic diseases. 
Besides biogenic triggers, lung inflammation can be induced by 
chronic inhalation of particulate xenobiotics coming from natu- 
ral and man-made environmental sources. Among the plethora 
of potentially inhaled particles, ultrafine or nanoparticles of 
occupational or environmental origin have been identified as 
major driving hazards in the ambient air of modern industrialized 
societies (1). The lung, as the primary target organ for particle- 
induced inflammation, is severely impaired by the constant 
recruitment and activation of inflammatory cells. Lung diseases 
like emphysema, chronic obstructive pulmonary disease, fibrosis, 
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and cancer (2-4) as well as systemic disorders on the level of the 
cardiovascular and the immune system (5, 6) occur as a conse- 
quence of these events. 

Lung inflammation is thus an obvious target for the pre- 
vention of particle-induced diseases. Particle pollution in ambi- 
ent air can be reduced but not eliminated, and conventional 
measures will therefore always be of limited effectiveness at an 
individual level. Thus, there is a growing need for the develop- 
ment of individualized preventive strategies that can be used by 
susceptible persons, such as children and elderly persons, or by 
patients with preexisting disorders, such as asthma or cardiovas- 
cular disease. 

Such a preventive strategy should make use of compounds 
that are well tolerated and have few or no side effects. The 
reduction of cellular stress by compatible solutes (CS) is an 
evolutionary highly conserved biological principle that is used in 
organisms from bacteria up to higher vertebrates (7). CS are 
small, organic, mostly neutral or zwitter-ionic cytoprotectants 
that are produced by cells under stress conditions. Little is known 
about the use of CS for the treatment or prevention of lung 
diseases, but the few existing studies indicate that CS affect signal 
transduction processes that are relevant for lung fibrosis (8-10). 
It is not known whether CS can be used for the prevention or 
treatment of lung inflammation. 

In the present study, we assessed the antiinflammatory effect 
of the CS ectoine in vivo in rats and in a human cell culture 
system. Lung inflammation was induced by carbon nanoparticles 
(CNPs), which are well-accepted model particles representing 
the carbonaceous core of combustion-derived nanoparticles (1). 
Ectoine, a cyclic amino acid from halophilic bacteria (11), was 
chosen because (1) it can be produced in an industrial scale with 
high quality standards (12), (2) no toxic side effects of ectoine are 
known (13), (3) ectoine was previously shown to protect human 
skin epithelial cells against UV radiation (14), and (4) these 
photoprotective effects are based upon the capacity of ectoine to 
interfere with signaling pathways that are initiated at the level of 
the cell membrane (15). We recently observed that molecular 
effects of inhalable nanoparticles in human and rat lung epithe- 
lial cells are mediated by membrane receptor-dependent signal- 
ing pathways (16, 17). The nanoparticle-specific activation of the 



30 



AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 180 2009 



mitogen-activated protein- kinases- (MAPKs) ERK1/2 (extracel— ■ 
lular regulated kinases 1 and 2) in lung epithelial cells is strongly 
dependent on the cooperative activation of the membrane recep- 
tors epidermal growth factor receptor and p r integrins. A 
stabilization of membrane structures accomplished by a compatible 
solute such as ectoine could therefore lead to a reduction of CNP- 
induced adverse effects in the lung. The hypothesis that such an 
effect is due to the stabilizing properties of the compound was tested 
by the comparison of the compatible solutes ectoine and di-myo- 
inositole-phosphate (DIP) with a nonstabilizing compound (urea), 

METHODS 

Particle Suspensions and Compound Solutions 

CNPs (14 nm in diameter) (Carbon Black, Printex 90; Degussa, 
Frankfurt, Germany) .were suspended in PBS by sonication (1-ml 
aliquots, 120 W, 50- 60 Hz) for at least 1 hour or up to immediate usage 
for further dilution or instillation. Ectoine [(S)-2-m ethyl -1,4,5 , 6-tetra- 
hydropyrimidine-4-carboxylic acid, lipopolysaccharide (LPS)-free, 
ultrapure 99%; bitop AG, Witten, Germany] was solubilized in PBS 
(440 fig/kg body weight - 0.4 ml of a 1 mM solution and the indi- 
cated dilutions). DIP (LL-di-myo-inositole-1,1' -phosphate, purity 
90%; bitop AG) and urea (purity ^ 99.5%, Fluka/Sigma-Aldrich, 
Taufkirchen, Germany) were treated similarly. 

Animal and Cell Culture Experiments 

Female Fisher 344 rats (8-week-old; Charles River Laboratories, 
Sulzfeld, Germany) were instilled intratracheally with a volume of 0.4- 
ml suspension (doses indicated in the figures) under inhalation anes- 
thesia (isoflurane, 5%, 2 minutes). Animals were killed by exsanguina- 
tion under pentobarbital anesthesia 48 hours after CNP (or control) 
treatment. Lung lavages were performed using 4 X 5 ml PBS, Differ- 
ential cell counts were performed from Giemsa/May-Grunwald stain- 
ings of lavage cells. Cell-free lavage fluids were used for cytokine assays. 
Lung tissues were minced, shock frozen, and stored at -80°C until 
further use. Immunosections were performed as described (18). All 
animal experiments were performed after relevant permission according 
to German animal protection laws. 

Cell culture and in vitro experiments with 16HBE14o" and RLE- 
6TN were performed as described (17). CS were applied 4 hours before 
particle treatment. MAPK phosphorylation was determined 1 hour 
(P38) and 8 hours (ERK1/2) after CNP treatment. Preparation of 
mRNA was performed 4 hours after CNP application. 

Cytokine and MAPK Assays 

Cytokine levels were detected by solid-phase ELISA (Cinc-1; R&D 
systems, Minneapolis, MN) or a rat cytokine antibody arrays (RayBio- 
tech, Inc., Norcross, CA) according to the manufacturers' instructions. 
Signal strength was determined densitometrically from autoradiography 
using Quantity One software (version 4.1; Bio-Rad, Hercules, CA). 

Western blots and the respective protein preparations were per- 
formed as described (16). The following antibodies were used: total 
ERK1/2 (human and rat), p44/42MAP kinase antibody (Cell Signaling 
Technology, Danvers, MA); phospho-ERKl/2 (human), rabbit (poly- 
clonal) anti-ERKl/2 [pTpY 185 ' 18 ?] phosphospecific antibody (Bio- 
source, Belgium); phospho-ERKl/2 (rat), phospho-p44/p42 MAP 
Kinase (Thr202/Tyr204) antibody (Cell Signaling Technology); total- 
P38 (human and rat), P38 MAP Kinase antibody (Cell Signaling 
Technology); phospho-P38 (human and rat), Phospho-p38 MAP Ki- 
nase (Thrl80/Tyrl82) antibody (Cell Signaling Technology). 

Immu no histochemistry 

Phosphorylated MAPK were detected as described (18) using the 
following antibodies: phospho-p44/p42 MAP Kinase (Thr202/Tyr204) 
and Phospho-p38 MAPK (Thrl80/Tyrl82, 12F8) (both from Cell 
Signaling Technology). 

Quantitative RT-PCR 

IL-8 mRNA was determined by RT-PCR using Lightcycler technology 
(Roche, Germany) according to the respective manuals. As house- 



- keeping-control; • separate runs- with - 18S rRNA were performed;- 

Primers were IL-8fw 5'-ACTCCAAACCTTTCCACCC-3', IL-8rev 
S'-CCCTCrTCAAAAACnrCTCCAC-S', ISSfw 5'-GCCGCTAGA 
GGTGAAATTCTTG-3, and ISSrev 5 '-CATTCTTGGCA AATGCT 
TTCG-3'. 

Statistics 

All animal data represent the mean values of five or more animals per 
group (higher animal numbers are indicated). For in vitro assays, at 
least three independent experiments were performed. Data show mean 
values and standard errors. Significance was calculated from original 
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Figure 1. Ectoine reduces dose-dependentiy carbon nanoparticle 
(CNP)- but not lipopolysaccharide (LPS)-induced inflammation in vivo. 
Bronchoalveolar lavage parameters (% neutrophils and cinc-1) from 
Fischer 344 rats intratracheally instilled with proinflammatory agents 
(CNP and LPS, each 0.4 ml) in the presence or absence of ectoine are 
shown. (A) Ectoine effects on different doses of CNP after 48 hours. 
Animals (n « 5) were instilled once with phosphate-buffered saline 
(PBS) (sham) or with 0.5 or 2.5 mg/kg body weight CNP alone (solid 
bars). Shaded bars indicate an instillation of CNP together with 1 mM 
ectoine. (fi) Dose dependency and pretreatment with ectoine. Animals 
were instilled once (soild bars) with 2.5 mg/kg body weight CNP in the 
absence {solid bar) or in the presence of the indicated concentrations of 
ectoine (shaded bars). Hatched bars: Animals were pretreated twice 
(-96 and -48 hours) with PBS (0) or with 1 mM ectoine (1) before 
CNP treatment (2.5 mg/kg bodyweight). Open bars indicate control 
treatment (n = 5 for the control group; n ~ 6 to 8 in the treatment 
groups). The parameters were determined 48 hours after CNP appli- 
cation. (C) Ectoine effects on LPS treatment after 4 hours, Animals were 
pretreated (hatched bars; -96 and -48 hours) twice with PBS or! mM 
ectoine (£) before the application of 2 |xg/kg body weight LPS. Solid 
bars: Animals were instilled once with 2 p,g/kg body weight LPS together 
with PBS or 1 mM ectoine. '•'Significantly different from CNP treatment 
without ectoine. ^Significantly different from PBS pretreatments. 
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data with Student's / test using SPSS software -version 12;01 (SPSS Inc.;-- 
Chicago, IL). 

RESULTS 

Ectoine Effects on CNP-induced Neutrophilic Inflammation 

Inhalation of chemically inert particles with dimensions in the 
nanometer range is a well-known cell stress leading to in- 
flammatory reactions of the lung (1). For mechanistic studies 
of this phenomenon, intratracheal instillation of suspended 
particles in rats is a well-evaluated and accepted experimental 
system (1). Accordingly, in the present study, 0.5 and 2.5 mg/kg 
body weight CNPs instilled intratracheally in rats triggered 
a strong pulmonary inflammation. The total cell number in the 
bronchoalveolar lavage (BAL) of the higher dosage group 
48 hours postinstillation was 1.50 X 10 5 ± 0.26 X 10 5 cells/ml, 
compared with 0.75 X 10 5 ± 0.18 X 10 5 in the control-treated 
animals (PBS). This increase in cell number resulted from an 
influx of neutrophilic granulocytes (Figure 1A). The numbers of 
other inflammatory cells (monocytes/macrophages, eosinophilic 
granulocytes, and lymphocytes) were not changed. The CNP- 
induced neutrophil influx was. significantly reduced if the in- 
stilled particle suspension contained 1 mM ectoine (Figure 1A). 
Similarly, ectoine also prevented the CNP-induced increase in 
cinc-1 release, determined by ELISA in the lavage fluid. This 
cytokine is the rat homolog of IL-8 and mediates the CNP- 
induced influx of neutrophilic granulocytes in this model (19). 

In a second, independent experiment (Figure IB), a broad 
dose range from 0.01-1 mM of ectoine was tested. For both 
CNP-induced endpoints (i.e., neutrophils and cinc-1), dose- 
dependent protective effects were observed, which proved to 
be statistically significant for neutrophils in the highest dose and 
for cinc-1 release for 0.1 and 1 mM ectoine. 

The presence of ectoine in the sample together with CNPs 
could theoretically have an effect on the physico-chemical 
properties of the nanoparticles and thereby lead to an artifact 
that would account for the observed loss in proinflammatory 
activity of the nanoparticle suspension. In this regard, we have 
observed that ectoine concentrations in solution did not de- 
crease in the presence of CNPs, indicating that ectoine was not 
absorbed onto the surface of the nanoparticles (data not shown). 
More importantly in this context, the ectoine effect was detect- 
able to similar extents if the CS (1 mM) was instilled twice (i.e., 
96 and 48 hours before CNP instillation) (Figure IB). There- 
fore, these data, demonstrate that the preventive effect of 
ectoine is not an artifact of unspecific nanoparticle modification 
by this compound. 

Ideally, prevention of lung inflammation would be re- 
stricted to particle-induced . inflammation and would not 
compromise inflammatory reactions induced by infectious 
agents. We therefore assessed the effect of ectoine adminis- 
tration in a model of bacterial pathogen-induced lung in- 



flammation. The bacterial - molecule -LPS - induces cell - 
responses by specific receptor ligand binding (i.e., a mecha- 
nism completely different from the cellular stress induced by 
nanoparticles) (20). LPS, at a dose of 2 u,gfcg bodyweight 4 hours 
postinstillation, induced an inflammatory response on the level 
of neutrophils that was of comparable strength to the particle 
treatment after 48 hours (Figure 1C). The cytokine cinc-1 
exhibited considerably higher levels in BAL of LPS-treated 
animals compared with CNP-treated animals. This difference 
may be considered as indicative for the different mechanisms 
eliciting inflammation by LPS and CNPs. Under the chosen 
conditions, ectoine was not able to reduce the kind of in- 
flammatory reaction induced by LPS, regardless of whether the 
CS was administered before or together with the bacterial . 
component. Cinc-1 levels remained unchanged by the ectoin 
treatment. 

Cytokine Profiles Modulated by Ectoine 

Inflammatory cytokines induced by CNPs are suspected to be 
responsible for secondary or systemic diseases. Therefore, in 
the present study, cytokine arrays from lavage fluids from 
control animals and CNP-exposed animals with or without 
ectoine pretreatment (-96 and -48 hours; see Figure IB) were 
analyzed. Almost all inflammatory cytokines that showed 
elevated levels 48 hours after CNP instillation were signifi- 
cantly reduced by ectoine (Figure 2), At the chosen time point, 
ectoine pretreatment had no effect on IFN-7 and IL-10 levels in 
BAL. 

MAPK Activity in Lung Tissue 

The previous experiments indicate that ectoine is able to 
interfere with inflammatory reactions of the lung induced by 
CNPs. For nanoparticle-induced effects, the lung epithelium, 
with its large surface, is considered as a main target of particle 
tissue interaction (1). In this tissue, inflammatory reactions can 
be triggered by an activation of MAPK (21). To test the 
hypothesis that ectoine prevented nanoparticle-induced lung 
inflammation by inhibiting these signaling pathways, we first 
measured phosphorylation of ERK1/2 and P38 in homogenates 
of whole lungs isolated from CNP- and ectoine-treated rats. 
Administration of 1 mM ectoine significantly decreased CNP- 
induced phosphorylation of MAPK in the lung tissue of rats 
(Figures 3 A and 3C). This observation was corroborated and 
extended by immunostaining of lung sections, demonstrating 
that activation of these MAPK by CNPs was reduced in the 
alveolar epithelial regions upon ectoine administration (Fig- 
ures 3B and 3D). This preventive effect of ectoine was clearly 
visible just in the epithelium. Although not tested quantita- 
tively, in macrophages that showed also a strong staining for 
activated MAPK after CNP treatment, and to some extent also 
in control animals (Figure 3B, PBS), such an effect was not 
obvious. 
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Figure 2. Cytokine profiles modulated by ectoine. Cyto- 
kine patterns in bronchoaveolar lavage (BAL) from control 
animals (open bars) and animals pretreated twice with 
phosphate buffered saline (solid bars) or 1 mM ectoine 
(shaded bars) before the application of 2.5 mg/kg body 
weight carbon nanoparticles (see Figure 1B), Cytokine 
levels from groups shown in Figure IB were determined 
by membrane-coupled cytokine arrays. AJI cytokine levels 
from animals treated with particles alone were signifi- 
cantly increased compared with control animals. 
■^Significantly different from carbon nanoparticle + phos- 
phate-buffered saline pretreatments. 
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Figure 3. Prevention of carbon nanoparticle (CNP)-dependent mitogen- 
activated protein kinase (MAPK) activation in vivo in epithelial cells. 
MAPK activation in lungs of animals treated as described in Figure 1A 
determined by Western Blot and immunohistochernistry is shown. (A) 
Phospho-ERK 1/2 signals in whole lung tissue relative to total ERK 1/2 
signals determined by Western blot analyses, (fi) Immunohistochernis- 
try of phosphorylated ERK 1/2 in lung sections from animals treated as 
described in Figure 1 A (phosphate buffered saline [PBS], control; CNP, 
2.5 mg/kg bodyweight; E, 1 mM ectoine). (C) Phospho-P38 signals in 
whole lung tissue relative to total P38 signals determined by Western 
Blot analyses. (D) Immunohistochernistry of phosphorylated P38 in 
lung sections from animals treated as described in Figure 1A (PBS, 
control; CNP, 2.5 mg/kg bodyweight; E, 1 mM ectoine). (A and C) 
Solid bars: Animals treated with the indicated doses of CNPs or PBS 
(sham). Shaded bars: Respective treatments in the presence of 1 mM 
ectoine. tSignificantly different from CNP treatment alone. (B and D) 
Counterstaining with hematoxylin-eosin (magnification XI ,000), Pos- 
itively stained cells (arrows, epithelial cells; arrowheads, macrophages) 
are indicated. The black staining in macrophages is considered as 
agglomerated CNPs. 
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Figure 4, Ectoine effects in human bronchial epithelial cells in vitro. 
Activation of mitogen-activated protein kinase and up-regulation of IL-8 
mRNA in 1 6HBE1 4o~ cells. Quantification and representative immuno- 
blots of (A) phospho-ERK 1/2 and total ERK 1/2 and (6) phospho-P38 
and total-P38 in cells treated with phosphate buffered saline (PBS) 
(open bars) or 1 0 ^.g/cm 2 carbon nanoparticle (CNP) (solid bars) with 
the indicated doses of ectoine. Immunosignals are given as relative 
increases compared with PBS-treated control cells. (C) IL-8 mRNA in 
cells treated with 10 |xg/cm 2 CNPs with or without 0.1 or 1 mM 
ectoine. ^Significantly different from CNP treatment alone. 

Ectoine Effects on Human Bronchial Epithelial Cells 

MAPK activation has been described as a direct consequence of 
nanoparticle cell interaction (16, 21). The interference of ectoine 
with this molecular process was tested in an in vifto system using 
a human bronchial epithelial cell line (16HBE14o~) (22). 
Treatment of the cells with a noncytotoxic dose (17) of 10 jj.g'cm 2 
CNPs resulted in significant increases of ERK1/2 activation 
8 hours after treatment and P38 activation 1 hours after treat- 
ment (Figures 4A and 4B). Accordingly, IL-8 mRNA was up- 
regulated 4 hours after particle application (Figure 4C). Similar 
to the rat in vivo data, pretreatment with ectoine (4 hours 
before CNP) resulted in a dose-dependent reduction of MAPK 
activation and IL-8 expression, which was statistically significant 
for P38 at both ectoine concentrations (0.1 and 1 mM) and for 
ERK1/2 and IL-8 at the higher dose. 
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Effect of CS^Compared with Another Solute - — ■ 

CS, unlike inorganic solutes, do not perturb normal cell 
functions and are therefore highly compliant. To test this 
concept, additional experiments including CS and non-CS 
compounds were performed. DP is a CS from thermophilic 
bacteria with well-known stabilizing properties (23). In contrast, 
the osmolyte urea, because of its direct interaction with charged 
surfaces of macromolecules, is thought to have a negative 
impact on the hydration layer and is therefore not considered 
as a CS (7). The application of the test substances (1 mM) 
together with CNPs in rats revealed a significant reduction of 
the inflammatory reaction on the level of neutrophils and on 
cinc-1 release in BAL only for ectoine and DIP (Figure 5A). 
Urea in this dose range had no effect on these inflammatory 
parameters. Similar differences were observed in in vitro experi- 
ments on the level of MAPK activation. Phosphorylation of the 
MAPK ERK1/2 and P3S was studied in vitro using a rat alveolar 
type II cell line (RLE-6TN) (24). The exposure scenario was 
identical to that previously used in the human system (Figure 4). 
CNP-induced MAPK activation was also inhibited by the 
pretreatment of cell with ectoine or DIP (0.01 and 0.1 mM), 
whereas urea at doses comparable to the CS had no effect on 
this cellular stress response (Figure 5B). 

DISCUSSION 

Ectoine Significantly Reduces Nanopartide-induced 
Neutrophilic Inflammation 

Exposure of humans to inhaled nanoparticles is associated with 
a number of detrimenta] consequences that extend beyond lung 
inflammation and include secondary diseases such as asthma and 
chronic obstructive pulmonary disease as well as systemic dis- 
eases like coronary heart disease (1). The importance of neutro- 
philic inflammation as a response against this environmental 
stress has been documented in studies with healthy volunteers 
inhaling environmentally relevant concentrations of diesel ex- 
haust particles (25). Bronchial washes 18 hours after a 2-hour 
exposure showed a 1.7-fold increase in neutrophils induced by 
this treatment, whereas the numbers of all other cell types 
remained unaffected. In the animal experiments described here, 
we were able to induce a much stronger (20-fold) inflammatory 
response, which was also exclusively driven by neutrophil influx. 



Underthese conditions, the application of 1 mM ectoine together 
with the nanoparticles significantly reduced lung inflammation, 
suggesting that the mild chronic inflammation induced by envi- 
ronmental pollutants in humans may be prevented by ectoine. 

The preventive effect of ectoine proved to be dose dependent 
and could also be observed if ectoine was applied before CNP 
application, indicating the specificity of this phenomenon for the 
CS treatment. These results also show that the ectoine effect is 
not due to an interaction of the CS with the particles, which might 
reduce the reactive surface area and thereby diminish the 
proinflammatory effects. Instead, prevention of CNP-induced 
lung inflammation represents an ectoine-dependent reaction of 
the organism. 

Our results suggest testing ectoine as a protectant against 
unavoidable environmental, nanoparticle-induced stress in hu- 
man airways. In this context, however, essential mechanisms of 
innate immunity should not be impaired. We therefore, as a first 
approach to address this question, tested the effects of ectoine on 
LPS-triggered neutrophil recruitment. Although we cannot 
exclude that ectoine treatment has an effect on LPS-induced 
inflammation at later time points, our experiments suggest that 
the immediate early response against bacterial pathogens is not 
impaired by this CS. Because this important defense mechanism 
is apparently not compromised, it is likely that prevention of 
particle-induced lung inflammation by ectoine administration 
will have little or no negative impact on host defense mechanisms 
of the lung. 

Inflammation-derived diseases are proposed to be partially 
induced or modulated by proinflammatory cytokines, which may 
trigger secondary pathogenic events and translocate into the 
circulation and thereby cause systemic effects. In our experi- 
ments, besides IFN-7 and IL-10, all CNP-induced proinflamma- 
tory cytokines were reduced in animals pretreated with ectoine. 
In particular, CNP-induced cytokine levels that were decreased 
upon ectoine instillation included TNF-a, which plays a critical 
role in the induction of lung fibrosis (26), as well as several 
interleukins, such as IL-4 and IL-6, which are well known for 
their role in the pathogenic cascade leading to asthma (6). In the 
lung, IFN-v is considered to serve as an activator of macrophages 
necessary for proper bacterial pathogen defense (27), and IL-10 
has been shown to serve as an autoregulatory factor that reduces 
E^8 production in neutrophils (28). These results, on one hand, 
reflect the general antiinflammatory response of the lung to the 



r-, SO 

I 30 
J= 20 
c '.0 
0 - 



neutrophils 
t t 







1 





















CNP CNP + CNP-» 
E DIP 



CNP + 
U 



~ 400 




O) 




£ 300- 




JE 203 
&. 




\ 100 


n 







cinc-1 



gf T 


t 








f 






JL, 




















• 


IS 








I 





CNP* CNP * 
E DIP 



CNP + 
.U 




Figures. Compatible solutes (CS) but not urea 
prevent neutrophil inflammation in vivo and the 
respective signaling in vitro. (A) Bronchoalveolar 
lavage parameters (% neutrophils and cinc-1) from 
Fischer 344 rats intratracheally instilled with carbon 
nanoparticles (CNPs) in the presence or absence of 
the test substances ectoine (E), di-myo-inositole- 
phosphate (DIP), or urea (U) 48 hours after CNP 
instillation. Animals (n = 5) were instilled once with 
phosophate buffered saline (PBS) or 2.5 mg/kg body 
weight CNP alone (solid bars). Shaded bars indicate 
an instillation of the same CNP dose together with 
1 mM test substance. (fl) Activation of mitogen-activated 
protein kinase in RLE-6TN cells. Quantification and 
representative immu nob lots of phospho-ERKl (2 and 
total ERK1/2 as well as phospho-P38 and total-P38 in 
cells treated with PBS (open bars) or 10 jig/cm 2 
CNP (soiid bars) with the indicated doses of test 
substances. Immunosignals are given as relative 
increases compared with PBS-treated control cells. 
^Significantly different from CNP treatment alone. 
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ectoine treatment On the other hand, they suggest a possible- 
preventive effect against secondary diseases induced or modu- 
lated by neutrophilic inflammation. 

Ectoine Acts on MAPK Activation in Lung Epithelial Cells 

We previously described the activation of MAPK ERK1/2 as 
a nanoparticle-speciflc reaction of lung epithelial cells that is not 
elicited by particles of bigger size classes. This intracellular 
signaling pathway, which is initiated at the level of cell surface 
receptors, was specific for nanoparticle-induced epithelial cell 
proliferation (16). CNP-specific up-regulation of IL-8 as the 
predominant cytokine driving neutrophil influx in lung epithelial 
cells, however, has been demonstrated to be strictly dependent 
on the activation of the MAPK P38 (29). Investigations of 
nanoparticle-driven NFk-B activation revealed that this cellular 
stress response is of minor importance and, therefore, empha- 
sized the central role of MAPK in nanoparticle-induced lung 
inflammation in this tissue (29). Both MAPK signaling pathways 
have been shown to be directly induced by nanoparticle cell 
interaction. In the current study, the CNP-specific activation of 
ERK1/2 and P38 was prevented by ectoine in vivo as well as 
in vitro in human bronchial epithelial cells and in rat alveolar 
epithelial cells. These findings are consistent with a direct impact 
of ectoine on nanoparticle cell interaction in the lung epithelium. 
Although the effect of ectoine on inflammatory cells was not 
quantified in our experiments, the mimunostaining of both MAPKs 
indicate the central role of epithelial cells in nanoparticle-induced 
lung inflammation as well as in the preventive effect of ectoine. 

Relevance for Humans 

Because CS are compliant natural materials without known toxic 
potential, we propose that ectoine can be used for the development 
of preventive medical strategies to protect susceptible individuals 
against nanoparticle-induced lung inflammation. In this context, the 
finding that in human bronchial epithelial cells P38 activation as well 
as IL-8 expression can be reduced almost to control levels by 
pretreatment of the cells with 1 mM ectoine appears very promising. 
Because the CNPs used in this study are considered as well-defined 
model particles for environmental combustion-generated nano- 
partides (e.g., diesel exhaust particles), experiments using such 
real-life particles will be of particular interest. Moreover, the 
systemic application of CS, which may be more convenient com- 
pared with aspiration, could be tested. 

Molecular Mechanisms of CS Effects 

The precise mechanism by which ectoine inhibits CNP-induced 
signaling is not known. One property of CS is that they act as 
osmolytes in the regulation of cellular hydration (7). Even more 
important in the context of this stud)' is the fact that CS serve as 
cytoprotectants under various stress conditions. Accordingly, in the 
presence of CS, compact protein structures are thermodynamically 
preferred conformations (30). and, during protein synthesis, CS act 
as chemical chaperones helping the growing molecule to fold in 
a proper manner (31). These stabilizing features are used for 
biotechnological applications (32), and there is evidence that CS 
may be used as therapeutic or preventive agents stabilizing organ 
functions in human liver, skin, and kidneys (33, 34). The data of 
this study comparing CS and non-CS osmolytes indicate that the 
principle of cytoprotection is the underlying mechanism of the 
beneficial effects of ectoine. 

Alternatively, nanoparticle-induced generation of reactive 
oxygen species has been proposed as one potential trigger of 
nanoparticle-induced MAPK signaling (35), and there is evidence 
that at least some CS possess antioxidant properties. However, it 
is accepted that ectoine cannot serve as an antioxidant (7). Our 
findings that nanoparticle stress elicits membrane dependent 



signaling pathways involving epidermal growth factor receptor 
and integrins (17) suggest a mechanism involving the stabilization 
of macromolecules located at the outer cell surface. This 
hypothesis is further supported by the finding that ectoine is 
able to reduce pathogenic endpoints in skin epithelial cells 
induced by solar UVA radiation as a source for physical stress 
(14). Our studies demonstrated that this effect is due to 
a stabilization of lipid microdomains (rafts) in the cytoplasma 
membrane and a decrease in UVA-induced ceramide release in 
human keratin ocytes (15). Further studies will therefore address 
the role of raft signaling in CNP-induced stress responses in lung 
epithelial cells. 
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